Surveillance measures for human cases of Lyme disease in Wisconsin were compared and associated with tick distribution and vegetation coverage. During 1991-1994,1,759 confirmed human cases of Lyme disease reported to the Wisconsin Division of Health were assigned a county of residence, but only 329 (19%) could be assigned with certainty a county of exposure. Distributions of cases by county of exposure and residence were often consistent from year to year. Tick distribution in 46 of 72 Wisconsin counties was mapped based on collections by researchers, statewide surveys of infested deer, and submissions from the public. Satellite data were used to calculate a normalized difference vegetation index (NDVI) for each county. A geographic information system (GIS) was used to map distributions of human Lyme disease cases, ticks, and degree of vegetation cover. Human case distribution by county of exposure was significantly correlated with tick distribution; both were positively correlated with high NDVI values in spring and fall, when wooded vegetation could be distinguished from agricultural crops in the satellite image. Statistical analysis of spatial patterns using a measure of spatial autocorrelation indicated that counties with most human cases and ticks were clustered in parts of western Wisconsin. A map delineating the counties with highest risk for Lyme disease transmission was generated based on numbers of exposed human cases and tick concentrations. Am J
In statewide surveys of deer check stations, the tick was found primarily in the western half of the state (21, 22) , and, more recently, Walker et al. (23) described a focus in northeastern Wisconsin.
In the United States, data on the distribution of human cases by county have been collected in all states since 1990 (24) . Surveillance is typically based on reports of human cases by physicians to state health departments which forward them to the Centers for Disease Control and Prevention (CDC). Surveillance for Lyme disease is hampered by lack of accurate diagnosis, imprecise serologic results (25) , uneven case detection efforts, and reporting bias (26, 27) . The variable interval between time of exposure to infected ticks and manifestation of symptoms confounds the precise determination of exposure location, and can result in the incorrect association of cases with specific counties of disease acquisition. Consequently, the distribution of human cases reported to the CDC by county of residence is not sufficient to determine risk of Lyme disease transmission or to accurately assess spatial distribution of disease rates. An evaluation of alternative surveillance measures for human cases and assessment of risk factors related to the tick vector and its preferred habitat can assist in the development of an accurate description of the geographic distribution and transmission risk of Lyme disease. Spatial analysis using geographic information systems (GIS), remote sensing, and spatial statistics can contribute to this effort (28) .
Geographic information systems can be used to associate spatial distributions of epidemiologic, entomologic, and environmental variables (29, 30) . Remote sensing techniques provide a means to collect data on multiple spatial scales for various landscape features which may determine the distribution of hosts and ticks (31, 32) . Fine spatial resolution satellite data (Landsat Thematic Mapper) have been used to associate residential exposure risks of Lyme disease to environmental determinants of tick distribution (14, 33) , and in studies of Anopheles mosquitoes (34) and tsetse flies (35) . Landsat Multispectral Scanner data were used to forecast the occurrence of /. ricinus, the European vector of Lyme disease (36) . Lower spatial resolution images, such as the Advanced Very High Resolution Radiometer (AVHRR) have been applied to studies of tick-borne East Coast Fever (37) and tsetse fly-borne trypanosomiasis in Africa (38) . Kitron et al. (10, 15) used a GIS and spatial statistics to associate infestations of white-tailed deer by ticks with presence of woods and sandy soil in Dlinois. Glass et al. (13, 14) used a GIS to associate environmental risk factors (geographic location, degree of forest coverage, type of soil) with deer infestations and residence of Lyme disease cases in Maryland. Dister et al. (33) derived a land cover map of Westchester County, New York, from satellite data and correlated canine seroprevalence for B. burgdorferi antibodies with percentage of densely vegetated residential areas adjacent to woods.
In this study, we used a GIS and spatial statistics to associate county-level data on tick distribution, human population density, Lyme disease case distribution, and proportion of wooded areas (based on satellite imagery), to assess various surveillance measures and to explain the distribution of Lyme disease in Wisconsin, the state with the highest number of reported cases in the north central United States (1).
MATERIALS AND METHODS

Human case data
The Wisconsin Division of Health receives several hundred case reports annually regarding patients with possible Lyme disease. Confirmed cases of Lyme disease meet the clinical and/or laboratory criteria of the CDC surveillance case definition (24, 39) . The county of residence is known for all confirmed case-patients. The county of most likely exposure is assigned to confirmed cases only if case-patients have had erythema migrans and had not traveled outside of their county of residence during the 30 days prior to onset. Because of these restrictions, a county of most likely exposure could only be assigned to fewer than 100 cases per year (less than 20 percent of all confirmed cases). Data on human cases by county of residence and by county of exposure were available for the years 1991-1994. Reported incidence rates for each year and for the 4-year study period were calculated for each county using population data based on the 1990 census. (21, 22) , and 1994 (40) . Counties were categorized as follows: 0, /. scapularis never found on survey; 1, single /. scapularis found in one or more surveys; 2, /. scapularis confirmed by survey, and >1 but <10 ticks collected; 3, /. scapularis confirmed by survey, and ^10 ticks collected. Out of 72 counties, data were available for 46 counties, and 26 were considered unknown.
Tick distribution
Satellite data and GIS
Environmental data were collected from the United States Geological Survey (USGS) Advanced Very High Resolution Radiometer (AVHRR) database (41, 42) . The spatial resolution of AVHRR data is 1.1 km 2 on the ground, and pixels are resampled to a 1.0-km size for the CD ROM set. AVHRR data are gathered by the National Oceanic and Atmospheric Administration's (NOAA) polar-orbiting satellites in the visible, near-infrared, and thermal infrared portions of the electromagnetic spectrum. A 1993 AVHRR data set containing images and 19 biweekly maximum normalized difference vegetation index (NDVI) composites (41) was purchased on CD ROMs from the USGS.
The NDVI is calculated from the near infrared and visible wavelength values (channels 2 and 1, respectively): (channel 2 -channel l)/(channel 2 + channel 1). It is associated with intercepted photosynthetically active radiation, and is the most commonly used vegetation index (29) . Because NDVI values are associated with degree of greenness, forested areas and farmed areas can be separated at certain times of the year (spring and fall), but not during others (summer, when both crops and woods are green, and winter, when neither crops nor deciduous forests are green). The April 17-30, 1993 and the September 3-17, 1993 scenes were selected to maximize the contrast between agricultural and forested areas.
Two different GIS software packages were used for data collection and analysis. TNTmips version 4.8 (Map and Image Processing System, Microimages, Inc., Lincoln, Nebraska) was used to examine AVHRR raster images and assign NDVI values to counties in the spring and fall. Maplnfo version 3.0 (Maplnfo Corporation, Troy, New York) was used to produce final maps of human cases, tick distribution, and average NDVI values at the county level.
Statistical analysis
Spearman rank correlation (43) was used to measure the associations between county level NDVI values, tick distribution, human population density, number of cases by county of exposure and residence, and incidence rates. We also calculated the correlations of NDVI values with ticks and human cases in the southern, central, and northern counties separately.
Moran's / (44), a measure of spatial autocorrelation, which is the degree of interdependence between values of a variable at different geographic locations, was used to identify the degree of spatial clustering of Lyme disease cases, ticks, and forested vegetation. Moran's / statistic is expressed as follows:
where n is the number of regions (counties in this case); X, and Xj are the values of the variable of interest (number of human cases, tick distribution, degree of vegetation cover) at points / and j (centroids of counties in this case), respectively; and W tJ is a weight based on the distance between county centroids (45, 46) . We used the inverse of the distances between county centroids to assign highest weight to pairs of neighboring counties, and decreasing weights to associations of counties further apart. Moran's / ranges from -1 to +1, and equals 0 when there is no spatial autocorrelation (no effect of distance on the distribution of a variable). Increased positive or negative values indicate a stronger spatial component, i.e., positive or negative effect of distance on the variable distribution. For example, a value of +1 for the distribution of ticks among Wisconsin counties, would indicate that all variations in tick distribution are dependent on the distances between counties, so that all counties with similar ranking are clustered together. A standardized normal variable, Z(/), was derived from the Moran's / values for each variable considered (44, 46) to evaluate statistical significance.
Spatial correlograms, a series of Moran's / measurements, evaluated at increasing distances from counties' centroids (44) , were used to determine the distances where spatial effects are maximized. Using 5-km intervals, we calculated spatial correlograms for tick distribution, Lyme disease cases, population density, and NDVI values, and calculated the distance where spatial clustering peaked, i.e., the spatial range around county centroids where the spatial effects were maximized. Based on these calculations, and the distances between counties in Wisconsin, we determined a coarse spatial clustering pattern of ticks, and Lyme disease cases (the average size of a cluster of positive counties).
RESULTS
During 1991-1994, 1,759 confirmed human cases of Lyme disease were reported in Wisconsin; 329 cases (18.7 percent) could be assigned definitively to a county of exposure (table 1) . Confirmed cases were reported from 66 of Wisconsin's 72 counties, and 36 counties had cases that could be assigned a county of exposure. Each year, the number of counties assigned exposed cases was less than half the number of counties with resident cases. Most counties with assigned resident cases (39 of 66; 59.1 percent) reported cases for all 4 years, and 58 counties (87.8 percent) reported cases for at least 2 years. Only eight counties (12.1 percent) reported cases for only one of the 4 years. In counties with assigned exposed cases, such cases were reported in 21 of 40 counties (52.5 percent) for 3 of the 4 years, and in 26 counties (65.0 percent) for at least 2 years.
Surveillance measures of Lyme disease in humans during 1991-1994 are depicted in four maps in figure  1 as: a) distribution of all human cases by county of residence; b) population density based on the 1990 census; c) mean annual incidence rate of human cases by county of residence); and d) distribution of human cases that could be assigned to a county of exposure. A map of the aggregate distribution of /. scapularis ticks in Wisconsin by county (for the 46 counties for which data are available) based on the deer surveys of 1981, 1989, and 1994, and on other confirmed tick identifications, is presented in figure 2 .
Rank correlation coefficients between tick distribution and the three human Lyme disease surveillance measures were calculated. Tick distribution was most highly correlated (r = 0.62, p < 0.01) with the distribution of human cases by county of exposure, and less highly correlated (r = 0.49, p < 0.01) with the distribution of cases by county of residence. These two measures of distribution of cases were highly correlated (r = 0.73, p < 0.01). Only the distribution of human cases by county of residence was significantly correlated with population density (r = 0.36, p < 0.01). Removing the effect of population density by calculating incidence rates by county of residence improved the correlation with tick distribution (r = 0.60, p < 0.01) to a level similar to the correlation of tick distribution with county of exposure cases. Calculating the incidence rates by county of exposure did not change the correlation with tick distribution (r = 0.60), because exposure cases are less dependent on human population density.
Distributions of ticks and human cases by surveillance measure were correlated with the average biweekly NDVI values for each county. Distribution of human cases by county of exposure and tick distribution correlated most highly with NDVI values in the spring (late April), when woods and agricultural areas can be differentiated (table 2) , and both also were significant in the fall (September). High NDVI values in spring and fall, when agricultural crops provide only limited green ground cover, are associated mostly with degree of forest coverage ( figure 3, a and b) .
Correlations of NDVI values with human exposure and tick distribution were significant in the central and northern counties where both extensive deciduous forests and fanned areas occur, and where a west to east gradient in NDVI values, human cases, and tick distribution is apparent (figures 1-3 ). Correlations were lowest in the south, where ticks are less common, human cases fewer, and woods less extensive. A significant negative correlation of NDVI with population density was observed in the most densely populated southern third of Wisconsin. Spatial autocorrelation indicated significant spatial clustering of counties with regard to tick endemicity, human population density, all measures of Lyme disease distribution, and NDVI values in the spring and fall (table 3), confirming the apparent clustering observed in figures 1-3. Correlograms were calculated to estimate the distances over which Moran's / values were highest. The peaks of spatial association for all variables were around 120-160 km, except for incidence rates, where spatial autocorrelation peaked around 220 km, and for the fall NDVI values, which peaked around 100 km. Population density had an additional peak around 60 km. The average distance between the centroids of all counties is 210 km, while the average distance between the centroids of neighboring counties is 38 km. Because there is some overlap in the spatial distribution of county size and values of the surveillance measures, there is potential for confounding. However, when values of surveillance measures were divided by county size, the results did not change. Thus, spatial autocorrelation peaks below the average distance between counties, but much beyond the distance between neighboring counties. This indicates spatial clusters of counties with tick foci and human cases consisting of several neighboring counties.
To study the spatial pattern in more detail, the 72 counties of Wisconsin were divided again into the three regions (24 counties in each region). Human cases by county of exposure were clustered significantly in the northern, central, and southern counties (Z(/) = 4.7, 2.8, and 2.8, respectively), with peak clustering at distances of 140, 100, and 60 km, respectively. The average distance between centroids of neighboring counties is 41 km in the north, 36 km in the center, and 29 km in the south. Thus, within each region, clusters again consist of several neighboring counties, with largest clusters in the north. Tick distribution data were available only for 15 northern, 14 central, and 17 southern counties, and were also sig- nificantly clustered in the northern, central, and southern counties (Z(/) = 3.7, 3.2, and 2.7, respectively), with peak clustering at distances of 120, 120, and 100 km, respectively.
DISCUSSION
In contrast to the eastern United States, where the number of human cases increased over 50 percent in 1994 (1), the number of cases in Wisconsin has not changed substantially during the 1990s. Cases were repeatedly reported from the same counties, with most positive counties reporting cases (both resident and exposed) for at least 3 years during the 1991-1994 study period. Spread of the tick vector of Lyme disease in Wisconsin also has been slow during the 1980s, and this trend appears to continue in the 1990s (40) . If peridomestic exposure to ticks is uncommon in the north-central region, tick encounters are most likely to occur during occupational or recreational exposure in forested areas. Concentrations of /. scapularis and human cases exposed in wooded areas probably underlie the significant association of surveillance measures with high NDVI values during spring and fall.
Of over 1,750 confirmed cases of Lyme disease during 1991-1994 in Wisconsin, less than 20 percent of the cases could be assigned definitively to a county of exposure. The high correlation between the distribution of resident and exposed cases indicates that considering only exposed cases does not introduce a bias. Indeed, this was the human surveillance measure that was best correlated with available data on tick distribution and with degree of forested vegetation cover. Thus, although rigorous case investigations to ascertain site of exposure may result in removal of the majority of cases from consideration, this is a worthwhile surveillance strategy. Even finer spatial scale determinants of exposure locations may re-suit in association of cases with known foci of transmission.
Given the difficulties associated with Lyme disease diagnosis and the significant implications of identifying areas where transmission occurs, current surveillance measures, which are largely based on assignment of confirmed cases to county of residence, can result in erroneous delineation of the geographic distribution of Lyme disease. Typically, the distribution of resident Lyme disease cases is associated with human population distribution. Improved surveillance measures may rely on incidence rates, thus reducing the role of population density; may consider primarily cases where geographic location of exposure can be determined; or may rely on the distribution of the tick vector, Ixodes scapularis. However, data on the distribution of ticks are lacking from many counties, and the focal nature of tick distribution may result in misclassification of counties for which data are only available from deer surveys (23) . This is particularly true in the north central United States, where even the county of exposure is typically difficult to ascertain, unlike the northeastern United States, where most cases may be associated with exposure near their residence (9, 14) .
When coupled with statewide efforts for tick surveillance, epidemiologic follow-up of cases can provide an improved map of the geographic risk of Lyme disease transmission. Figure 4 shows Because we could only assign cases to the county level, the spatial pattern that we found indicates relatively large geographic areas (clusters of counties) as being risk areas for Lyme disease. Indeed, all of our measures showed significant spatial clustering over areas that included several counties. This is probably the result of similarities among neighboring counties with regard to habitat types and demographic patterns which underlie tick and case distribution. We could not distinguish spatial patterns within counties, which may be associated with the relatively small foci of enzootic transmission which have been reported from Wisconsin and surrounding states (10, 15, 23, 47) .
Given the high resolution of satellite images (which are readily available with 30 m precision), more refined data on precise location of tick foci and exposure location can be used to provide additional risk maps on finer scales. Alternatively, more precise determination of tick habitat requirements and conditions which are most likely to result in human-tick encounters may be a more cost-effective approach for fine spatial resolution risk maps. For example, a measure of the degree of human activity in forested areas may provide valuable information for the assessment of risk of transmission of Lyme disease in these areas. Such human activity is a function of extent of forested areas, human demographic patterns and tourism around these areas, and other land cover characteristics which determine use of these areas. A GIS can be used to associate remotely sensed data and other environmental data bases, to assist in the quantification of various land cover/land use parameters for further characterization of optimal tick habitat (10, 15, 33) , and in the generation of more refined risk maps. Through the georeferencing of data, a GIS provides locational data and measurements of distances between locations, which are the essential variables of spatial statistics. Measures of spatial autocorrelation and local spatial statistics (46) can then be used to identify geographic clusters of disease cases or nonrandom patterns of environmental risk factors.
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